ELECTRON DEVICES SOCIETY

Received 22 September 2014; revised 16 November 2014 and 17 December 2014; accepted 31 December 2014. Date of current version 22 April 2015.

The review of this paper was arranged by Editor D. Esseni.
Digital Object Identifier 10.1109/JEDS.2015.2394743

Strain-Engineered Biaxial Tensile Epitaxial
Germanium for High-Performance Ge/InGaAs
Tunnel Field-Effect Transistors

MICHAEL CLAVEL (Student Member, IEEE), PATRICK GOLEY (Student Member, IEEE),
NIKHIL JAIN (Student Member, IEEE), YAN ZHU (Student Member, IEEE),
AND MANTU K. HUDAIT (Senior Member, IEEE)

Bradley Department of Electrical and Computer Engineering, Virginia Tech, Blacksburg, VA 24061 USA
CORRESPONDING AUTHOR: M. K. HUDAIT (e-mail: mantu.hudait@vt.edu)
This work was supported in part by the National Science Foundation under Grant ECCS-1348653 and Grant ECCS-1028494.

ABSTRACT The structural, morphological, and energy band alignment properties of biaxial tensile-strained
germanium epilayers, grown in-situ on GaAs via a linearly graded InsGa;_xAs buffer architecture and
utilizing dual chamber molecular beam epitaxy, were investigated. Precise control over the growth condi-
tions yielded a tunable in-plane biaxial tensile strain within the Ge thin films that was modulated by the
underlying InsGaj_xAs “virtual substrate” composition. In-plane tensile strains up to 1.94% were achieved
without Ge relaxation for layer thicknesses of 15 to 30 nm. High-resolution x-ray diffraction supported
the pseudomorphic nature of the Ge/InyGaj_xAs interface, indicating a quasi-ideal stress transfer to the
Ge lattice. High-resolution transmission electron microscopy revealed defect-free Ge epitaxy and a sharp,
coherent interface at the Ge/InsGaj_xAs heterojunction. Surface morphology characterization using atomic
force microscopy exhibited symmetric, 2-D cross-hatch patterns with root mean square roughness less than
4.5 nm. X-ray photoelectron spectroscopic analysis revealed a positive, monotonic trend in band offsets
for increasing tensile strain. The superior structural and band alignment properties of strain-engineered
epitaxial Ge suggest that tensile-strained Ge/InxGa;_xAs heterostructures show great potential for future
high-performance tunnel field-effect transistor architectures requiring flexible device design criteria while
maintaining low power, energy-efficient device operation.

INDEX TERMS Tunnel field-effect transistors (TFETSs), tensile-strained Ge, strain-engineered Ge/InGaAs

heterostructures, band alignment.

I. INTRODUCTION

The aggressive reduction in feature size in conventional
silicon (Si) metal-oxide-semiconductor field-effect transis-
tor (MOSFET) technology over the past four decades
faces several key technical challenges moving forward.
As device dimensions approach the 10 nm length-scale,
reduction of supply voltage (Vpp) below 0.5 V while
maintaining low OFF-state current becomes increasingly
difficult due to the transport mechanism governing tradi-
tional MOSFETSs, i.e., the thermionic emission of charge
carriers from the source into the channel. This fundamen-
tally limits conventional MOSFET subthreshold slope (SS)
to 60 mV/decade at 300K, resulting in increased leakage

current, a substantially reduced Ipn/Iogr ratio, and increased
static power consumption [1]-[3]. To overcome these prob-
lems while continuing to scale operating voltage and
improving drive current, interband tunneling field-effect
transistors (TFETs) are being thoroughly investigated as
potential replacements for Si MOSFET technology in the
low- and ultra-low-power regimes (< 0.5 V and < 0.3 V,
respectively) [1]-[8]. Operating on the band-to-band
tunneling injection of carriers from the source into the
channel, TFETs have the potential for steep subthresh-
old dynamics (< kpT/q at room temperature), suggesting
low OFF-state currents and improved high-frequency device
switching [1]-[3].
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FIGURE 1. Cross sectional schematic of (a) 0.75% ¢-Ge/Ing 16Gag g4As [14], (b) 1.6% e-Ge/Ing 4 Gag 76As, and (c) 1.94% e-Ge/Ing 29 Gag 71 As TFET

structures.

Although several current efforts [6]-[12] have focused
on compositionally tailored III-V type-II staggered gap
materials, such as InyGa; _xAs/GaAsySb;_y heterostructures,
less attention has been devoted to Ge/InyGa;_xAs TFET
heterojunctions [13]-[16]. In such TFET architectures,
the effective tunneling barrier height, tunneling cur-
rent, and heterointerface band alignment can be tailored
by varying the indium (In) alloy composition in the
InyGaj_xAs “virtual substrate” and the doping of the
Ge source region [1], [3], [4], [13], [14]. Whereas recent
work [14] has demonstrated control over the tunnel-
ing barrier height through tensile-strained Ge/InsGaj_xAs
heterostructures with moderate strain, this study pro-
vides a comprehensive investigation of the structural,
morphological, and band alignment properties of highly
(>1.9%) biaxial tensile-strained Ge/InyGa;_xAs TFET
heterojunctions.

Il. EXPERIMENTAL

In this work, three Ge/InyGaj_xAs TFET heterostructures
with different In compositions were grown in-situ by
solid source MBE utilizing separate III-V and Ge growth
chambers connected via an ultra-high vacuum transfer cham-
ber. The Ge/lnxGaj_xAs heterojunctions were integrated
onto (100)GaAs substrates by way of an initial 0.25 um
GaAs buffer followed by a linearly graded InyGaj_x As meta-
morphic buffer, thereby accommodating the lattice mismatch
between the Ge/lnyGaj_xAs active region and the GaAs
substrate and minimizing defect and dislocation propaga-
tion through the layers of interest. Thickness in the range
of 500 nm to 650 nm constant composition InyGaj;_xAs
was selected as a virtual substrate for the proceeding
tensile-strained Ge growth, with the strain-transfer modu-
lated by tailoring the In composition of the InxGaj_xAs
virtual substrate.

The complete tensile-Ge (e-Ge)/InyGa;_xAs TFET struc-
tures were grown on epi-ready semi-insulting (100)GaAs
substrates that were 2° offcut towards the <110> direc-
tion, thereby minimizing the formation of anti-phase
domain boundaries at the interface between the &-Ge
and GaAs (InyGaj_xAs) modulation-doping (capping)
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layers [17]-[23]. All growth temperatures were monitored
via thermocouple and controlled remotely using calibrated
Eurotherm 2404/8 PID controllers. Substrate oxide des-
orption occurred at ~750°C in the III-V growth chamber
under an over pressure of arsenic flux (~ 107> Torr),
and was monitored in-situ using reflection high-energy
electron diffraction (RHEED). RHEED patterns were also
examined following each epilayer growth to monitor their
associated surface reconstructions. For this work, three In
compositions were considered, explicitly 16% (0.75% ten-
sile strain), 24% (1.6%), and 29% (1.94%). As such,
the composition of the linearly graded buffer was var-
ied from 3% to 16%, 24%, or 29%, respectively, utilizing
corresponding strain grading rates of 2.23% strain/um,
1.70% strain/pum, and 1.46% strain/um. The reduction in
strain grading rate followed the increase in misfit between the
constant composition layer and the GaAs substrate, thereby
aiding in relaxation of the higher In alloy composition graded
buffers [24]-[26]. Upon completion of the II-V metamor-
phic buffer growth, the substrate was cooled to 150°C under
an Asp overpressure and then transferred via an ultra-high
vacuum transfer chamber to the Ge growth chamber. Thin
15 nm to 30 nm tensile-strained Ge epilayers were then
grown at 400°C on the InyGaj_xAs virtual substrates uti-
lizing a low Ge growth rate of ~0.025 pum per hour. After
epitaxial Ge growth, the samples were moved back to the
III-V growth chamber for the growth of thin capping layers
of GaAs or InyGaj_xAs in order to protect the e-Ge surface
from oxidation. The full details of the growth procedure
are reported elsewhere [17], [18]. Fig. 1(a)—(c) shows the
labeled schematics for the 16%, 24%, and 29% In compo-
sition e-Ge/InyGa;_xAs TFET structures, respectively. Note
that Fig. 1(a) and (c) are complete TFET structures with
practical source/channel/drain configurations. Additionally,
whereas the e-Ge epilayers of the Ing24Gag 76As (Fig. 1(b))
and Inp29Gag 71As (Fig. 1(c)) structures are unintentionally
doped, that of the Ing16GaggsAs structure (Fig. 1(a)) is
ex-situ modulation doped via the heavily p-type GaAs:Be
epilayer.

High-resolution x-ray diffraction (HR-XRD) was
utilized in the strain analysis of the e-Ge/InxGaj_xAs
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FIGURE 2. Symmetric (004) rocking curve (v/2# scan) of the
strain-engineered ¢-Ge/Ing 16Gag g4 As (green) [14],
e-Ge/Ing 54 Gag 76As (blue), and -Ge/Ing 29 Gag 71 As (orange)
heterostructures.

heterointerfaces and was performed on a PANalytical
X-Pert Pro system equipped with a Cu K«-1 line-focused
x-ray source. Both rocking curve and reciprocal space
map (RSM) measurements were used in determining the
strain transferred to the Ge lattice as well as the composition
of the underlying InxGaj_x As virtual substrate. Surface mor-
phology analysis was carried out using a Bruker Dimension
Icon atomic force microscope (AFM) in tapping mode. To
characterize the structural quality of the Ge/InxGaj_xAs
TFET structures, including defect and dislocation con-
finement, film crystallinity, interface quality, and interface
coherence of each ¢-Ge/lnyGaj_xAs heterojunction,
cross-sectional transmission electron micrographs (TEM)
were captured using a JEOL 2100 microscope. The required
electron transparent foils were prepared by a conventional
mechanical milling procedure followed by a low-temperature
Ar* ion milling. The energy band alignment properties of
each e-Ge/InyGaj_xAs heterostructure were investigated
using x-ray photoelectron spectroscopy (XPS) on a PHI
Quantera SXM system utilizing a monochromatic Al
Ko (1486.7 eV) x-ray source. All XPS spectra were
recorded using a pass energy of 26 eV and an exit angle
of 45°. Spectral analysis was performed with CasaXPS
v2.3.14 using a Lorentzian convolution with a Shirley-type
background and corrected with the adventitious carbon peak
binding energy of 285.0 eV.

1Il. RESULTS AND DISCUSSION

A. STRAIN RELAXATION PROPERTIES

The relaxation state and residual strain of each TFET
heterostructure shown in Fig. 1 were determined using
HR-XRD. Fig. 2 shows the symmetric (004) rocking
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curves for the ¢e-Ge/lng16GaggaAs [14] (top, green),
e-Gellng 24Gag 76As (middle, blue), and £-Ge/lng 29Gag 71 As
(bottom, orange) TFET structures. As can be seen in Fig. 2,
an increase in In composition of the InyGaj_xAs virtual
substrate corresponds to an increase in Bragg angle of the
epitaxial Ge thin-film, thereby indicating a reduction in the
out-of-plane Ge lattice constant (a ) for increasing In com-
positions. This can be explained by the following: as the
lattice constant of the InyGa;_xAs virtual substrate increases
with increased In composition, the in-plane Ge lattice con-
stant (a)) becomes progressively stretched to accommodate
the mismatch between the two layers. To compensate for
the change in the Ge unit cell volume, the out-of-plane Ge
lattice constant is reduced proportionally to the increase in
the in-plane Ge lattice constant. Thus, the observed shrink-
age in out-of-plane Ge lattice constant suggests the presence
of an increasing in-plane biaxial tensile strain that is mod-
ulated by the composition of the underlying InsGa;_xAs
buffer. Further investigation to quantify the relaxation state
of the InyGj_xAs virtual substrates and tensile strain held
by the Ge epilayers was performed using symmetric (004)
and asymmetric (115) reciprocal space map analysis, as
shown by Fig. 3(a) and (b). Using the (004) and (115)
RSMs, aj and 4 for each InyGaj_xAs virtual substrate
were calculated, which were then used together with the
material’s Poisson ratio to compute the relaxed lattice
constant (a,) of the layer [6], [27]. Vegard’s law was
used along with the experimentally determined InyGa;_xAs
relaxed lattice constant to evaluate the In composition and
relaxation state of the InyGaj_xAs virtual substrate. The
experimentally-derived In compositions were found to be
15.7% [14], 23.7%, and 28.5% for the e-Ge/Ingy 16Gag g4 As,
&-Ge/lng 24Gag 76, and e-Ge/lng 29Gag 71 As TFET structures,
respectively, which were consistent with the design crite-
ria. Furthermore, the 15.7% and 23.7/28.5% composition
InyGa;_xAs virtual substrates were found to be approxi-
mately 90% [14] and 99% relaxed with respect to the GaAs
substrate, respectively, suggesting that the lattice mismatch
between the GaAs substrate and &-Ge/InyGaj_xAs active
region was effectively accommodated by the InyGaj_xAs
metamorphic buffer in all cases. Moreover, the amount
of tensile strain within the Ge epilayers was found to
be 0.75% [14], 1.6% and 1.94% for the Ing16Gagg4As,
Ing24Gag 76As, and Ing29Gag 71 As virtual substrates, respec-
tively. In addition, as can be seen in the asymmetric (115)
RSM in Fig. 3(b), the Ge reciprocal lattice point (RLP)
for each heterostructure is aligned vertically with the
InyGa;_xAs RLP (shown by the orange dashed lines), val-
idating the pseudomorphic nature of the e-Ge/InsGaj_xAs
heterojunction. Table 1 shows the strain relaxation values of
the InyGaj_xAs and tensile-strained Ge epilayers obtained
from x-ray analysis.

The theoretical critical layer thickness (h.) for each
&-Ge/InyGa;_xAs heterostructure was calculated using the
energy balance model developed by People and Bean [28]
for compressively strained systems, and are also included

VOLUME 3, NO. 3, MAY 2015



CLAVEL et al.: STRAIN-ENGINEERED BIAXIAL TENSILE EPITAXIAL GERMANIUM FOR HIGH-PERFORMANCE Ge/InGaAs TFETs

ELECTRON DEVICES SOCIETY

5550
(004) [14]

In,Ga; A%

(4
e
o
o

5300

6700

Q, x 10000 (r.L.u.)

6500 |

84001 Ing.16Gag g,AS

In0-24Gao_76As o . I ‘]L:‘ , d 0.71 , S

Q, x 10000 (a.u. r.l.u.)

FIGURE 3. (a) Symmetric (004) and (b) asymmetric (115) reciprocal space maps (RSMs) of the TFET structures. The in-plane tensile strain values of the Ge

epilayer were found to be 0.75% [14], 1.6%, and 1.94%, respectively.

TABLE 1. Summary of the strain relaxation properties of the ¢-Ge/InyGa;_,As TFET heterostructures studied in this work.

Lattice Constant (A) Critical
Out-of- In Tensile Layer
Material Plane Composition Strain, Thickness
In-Plane (aH ) Relaxed (a) (%) Ge (%)

(aj_ ) (nm)

€-Ge/Ino.16GaossAs [14] 5.7201 5.7123 5.7164 15.7 0.75 270.8
£-Ge/Ino24Gao.76As 5.7506 5.7478 5.7492 23.7 1.6 42.6
£-Ge/Ino.29Gao.71As 5.7693 5.7677 5.7685 28.5 1.94 25.9

in Table 1. In this model, the impact of the growth
temperature was not considered in calculating the h. value. It
is worth noting that the designed e-Ge epilayer thicknesses,
15 nm (e-Ge/lng.16Gag g4As), 30nm (e-Ge/lng24Gag 76AsS),
and 15 nm (e-Ge/Ing29Gag 71As), remain well below the
calculated h. values, therefore it is expected that the strain
relaxation in the epitaxial e-Ge would be minimal. This
result reinforces the conclusion drawn via XRD analysis
regarding the strain-state of the e-Ge epilayers and the
pseudomorphic quality of the e-Ge/InxGaj_xAs interface.
The calculated h. reported here are also in good agreement
with recent experimental work examining e-Ge critical layer
thickness in the low misfit regime [29], thereby validating
the suitability of the energy balance model in describing
the ¢-Ge/lnyGaj_xAs material system. Thus, in conjunction
with the predicted reduction in band gap and carrier effec-
tive mass in the Ge source [30], [31], the pseudomorphic
nature of the studied &-Ge/InyGaj_xAs heterointerfaces is
promising for the tailored design of e-Ge/InyGaj_xAs TFETs
with improved ON current and a modulated tunneling barrier
height.

VOLUME 3, NO. 3, MAY 2015

B. SURFACE MORPHOLOGY

Characterization of the surface morphology for each TFET
structure is directly associated with the dominant strain
relief mechanisms during growth, thereby providing impor-
tant metrics for threading dislocation dynamics and residual
stresses within the buffer. Metamorphic buffer architectures
exhibit the formation of 60° a/2 <110> {111} misfit dislo-
cations during relaxation, which can thereafter glide along
{111} planes at a 60° angle toward the surface normal and
propagate laterally along <110> directions [32]-[34]. The
resulting cross-hatch pattern at the sample surface is there-
fore reflective of the relaxation state of the linearly graded
buffer [32]-[34]. Fig. 4(a)-(c) shows the 20 um x 20 pum
AFM scans of the Ing16Gaggs [14], Ing24Gag76As, and
Inp29Gag71As TFET structures, respectively, all of which
display the anticipated two-dimensional (2D) cross-hatch
surface morphology. Fig. 4(a) and (c) reveal uniform,
well-developed 2D cross-hatch patterns parallel to the
[110] and [110] directions, whereas the cross-hatch shown
in Fig. 4(b) was weak due to the suppression of ridges
and valleys resulting from an increased strained layer
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FIGURE 4. 20 x 20 xm AFM micrographs of (a) 0.75% e-Ge/Ing 1¢Gag g4 As [14], (b) 1.6% e-Ge/Ing 24Gag 76As, and (c) 1.94% e-Ge/Ing ,9Gag 71 As TFET
structures showing well-developed, uniform 2-D cross-hatch surface morphology.

thickness (t:—ge + tmnxGal—xAs). Furthermore, the granu-
lar appearance superimposed on the underlying cross-hatch
patterns of the Ing»4Gag 76 and Ing29Gag 71 As sample sur-
faces (Fig. 4(b) and (c), respectively) is likely due to
the transition from a Frank-van der Merwe (2D) to a
Stranski-Krastanov (3D) growth mode during, but not before,
the InyGaj_xAs capping layer growth. In such a 2D-to-3D
growth transition, the e-Ge epilayer serves as a strained Vir-
tual substrate for the subsequent InyGaj_xAs layer growth.
The strain energy at the growth surface is sufficiently
large such that while the InyGaj_xAs growth is coher-
ent, it favors the formation of lower-energy island-like
InyGaj_xAs structures rather than uniform, planar epitaxy.
Line profiles along the two orthogonal <110> direc-
tions are also included with each AFM micrograph, and
show an increase in peak-to-valley height from 5 nm
to 16 nm with increasing In buffer composition. The
root-mean-square (rms) roughness for the Ing16GaggsaAs,
Ing 24Gag 76As, and Ing9Gag 71 As TFET designs was mea-
sured to be 1.26 nm [14], 4.24 nm, and 4.34 nm, respectively.
Moreover, the well-developed and uniform 2D cross-hatch
surface morphology for each TFET structure supports a
symmetric strain relaxation of the metamorphic buffer and
is indicative of a low threading dislocation density [6].
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C. STRUCTURAL PROPERTIES

Further insight into the structural and crystalline qual-
ity of the e-Ge/In,Gaj_yAs active layer, in addition to
the strain-state, was provided by low- and high-resolution
cross-sectional TEM analysis. Fig. 5(a)-(e) [14] and
Fig. 6(a)—(e) show the bright field cross-sectional TEM
micrographs of the low- and high-strain (i.e., Ing 16Gag g4 As
and Ing 29Gag 71 As) TFET structures, respectively. As seen in
Figs. 5(a) and 6(a), the In,Ga;_yAs metamorphic buffer con-
fines defect propagation via dislocation formation and glide,
thereby effectively accommodating the lattice mismatch
between the GaAs substrate and the GaAs/Ge/Ing 16Gag g4 As
(Ge/Ing 29Gap 71 As) active region. The subsequent 550 nm
(650 nm) Ing 16GaggsAs (Ing29Gag71As) virtual substrate
growth exhibits a minimal dislocation density that is not
detectable at low magnification. Furthermore, the gener-
ation and confinement of mismatch-induced dislocations
within the InyGaj_xAs linearly graded buffer supports
the quasi-ideal relaxation of residual strain in the over-
lying virtual substrate, which is in agreement with the
XRD and AFM analysis. Figs. 5(b) and 6(b) high-
light the abrupt nature of the GaAs/Ge/lng 16Gap.gsAs
and Ge/lng29Gag 71As heterointerfaces, respectively. The
high contrast observed between the Ge and the GaAs
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FIGURE 5. (a) Low-magnification cross sectional TEM micrograph of the
e-Ge/Ing 16Gag g4 As TFET structure [14]. (b) High-magnification TEM
micrograph of the GaAs/s-Ge/Ing 1¢Gag g4 As heterojunction, and fast
Fourier transform patterns corresponding to (c) e-Ge,

(d) e-Ge/Ing_16Gag g4 As interface, and (e) Ing 1¢Gag g4 As virtual substrate.

(InyGaj_xAs) demonstrates uniform, sharp heterojunctions
absent of dislocations, thus reinforcing the pseudomorphic
nature of the epitaxial Ge as revealed by XRD analysis
above. Moreover, the atomically abrupt interfaces are nec-
essary to minimize the effective tunneling barrier width

VOLUME 3, NO. 3, MAY 2015
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FIGURE 6. (a) Low-magnification cross sectional TEM micrograph of the
e-Ge/Ing ,9Gag 71 As TFET structure. (b) High-magnification TEM
micrograph of the ¢-Ge/Ing 29Gag 71 As heterointerface, and fast Fourier
transform patterns corresponding to (c) highly-strained ¢-Ge,

(d) e-Ge/Ing 29Gag 71 As interface, and (e) Ing 29 Gag 77 As virtual substrate.

and increase the tunneling current in e-Ge/InsGaj_xAs
TFET device architectures [1]-[3], [S]-[12]. To further
examine the transfer of strain from the Ing16GaggsAs
(Ing29Gap71As) virtual substrate to the Ge epilayer,
Fast Fourier Transform (FFT) analysis was performed
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within the active Ge and Ing16GapgaAs (Ing29Gag71As)
source and channel layers as well as at their interface.
Figs. 5(c)—(e) and 6(c)—(e) show the FFT patterns cor-
responding to the regions indicated with arrows in
Figs. 5(b) and 6(b), respectively. As shown in Fig. 6(c)—(e),
the indistinguishable nature of the recorded diffraction
patterns (i.e., the zone axis preservation across the het-
erointerface) suggest the near-perfect accommodation of the
Ge in-plane lattice to that of the underlying Ing29Gag 71 As
channel. Likewise, the absence of diffraction spot splitting
and satellite peaks in Fig. 6(d) indicate a coherent epitaxial
growth of the highly tensile-strained Ge with respect to the
Ing29Gag 71 As virtual substrate. Similar results can been seen
for the low-strain TFET structure as seen in Fig. 5(c)—(e).
This combination of data from low- and high-resolution TEM
analysis demonstrates the device-quality of the tunable &-
Ge/InyGa_xAs heterostructures. Precise control over the In
composition within the linearly graded buffer and optimiza-
tion of the growth parameters produced atomically abrupt
heterojunctions with long-range uniformity and a complete
strain transfer to the epitaxial Ge were achieved in this
study. Coupled with a low defect density within the active
layers, the observed control over the heterointerface qual-
ity in the studied TFET structures is critical for enhancing
the device performance (e.g., tunneling current, effective
tunneling barrier, efc.) in &-Ge/lnyGaj_xAs-based TFET
architectures.

D. HETEROJUNCTION ENERGY BAND ALIGNMENTS

The band alignment properties of each e-Ge/InyGaj_xAs
heterostructure were investigated in order to quantify the
impact of tensile strain and In alloy composition in the
InyGa;_xAs virtual substrate on the source-channel effective
tunneling barrier height (Epefr). The following XPS spec-
tra were recorded for each e-Ge/InyGaj_xAs structure: (i) the
Ge 3d core level (CL) and valence band maxima (VBM)
from a thick (> 10 nm, i.e., greater than the photoelectron
escape depth for photoemission generated by the under-
lying InxGaj_xAs) e-Ge epilayer; (ii)) the As 3d CL and
InyGa;_xAs VBM from the InyGa;_xAs virtual substrate;
and (iii) the Ge 3d CL and As 3d CL from a thin (<
2 nm, i.e., less than the photoelectron escape depth for
photoemission generated by the underlying InyGaj_xAs) &-
Ge epilayer. Surface native oxide was removed in-situ via
a 5s low energy Ar™ ion sputter prior to collecting XPS
spectra. Utilizing the measured binding energy spectra, the
valence band offset (AEy) can be directly determined using
the method introduced by Kraut ef al. [35]:

—G —G
AEy = (E8Ge3de - E?/BME)

InyGa)_As InyGay_yAs .
— (Bl ™ — By ") —acL@ - ()

where Esczgde and Ezgggz/lz"m are the CL binding ener-
gies for Ge and As (InxGaj_xAs), respectively, Eypy is
the VBM for each material, and ACL(i) is the bind-

ing energy separation between the measured interfacial
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FIGURE 7. XPS spectra of (a) Ge 3d core level (E5_$¢) and valence band
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(b) As 3d core level (E‘l:s 03"2’46%-75“) and Ing 24 Gag 76As VBM
(E':‘;’,ﬁ"aao-"s'qs) from the Ing 54 Gag 76As virtual substrate, (c) As 3d
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interface, and (d) schematic energy band alignment of the
e-Ge/Ing 4 Gag 76As heterointerface exhibiting a 0.35 + 0.05 eV valence
band offset.

) core levels from the 1.5 nm ¢-Ge/Ing 4 Gag 76 AS

. — IncGaj_As
As 3d and Ge 3d CLs, ie. Eg; — Egay - Eveu

for each material was determined by performing a lin-
ear regression fitting of the leading edge of the valence
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TABLE 2. Summary of the measured and calculated XPS data of the ¢-Ge/InyGa;_As TFET heterostructures investigated in this study.

Band Alignment Parameters

Heterostructure Material Interface Binding Energy Separation
Measured AEv  Calculated AEc
2 ;}‘:‘Gsa(gf o ES 0 G =2932ev
E'Ge/mf'l' f‘?a"'ms yimioGRAS Gy _ EIOO 40566V 031£005eV 021 £0.1 eV
oo Bodi BN —issev
TnonGa e By = B —2032eV
£-Ge/Ino.24GaoseAs Vﬁ‘t‘i;‘l(}si‘ggézte Ejionndt — Eres@ont —4074eV 035+0.05eV 0.07+0.1eV
lizoji‘éﬁaﬁ;‘;n e N
PR Bl = B —2037eV
£-Ge/lnoGaonAs  \020071AS engandt _ prantont —4056eV 034+0.05eV  0.02+0.1 eV

Virtual Substrate

1.5 nm €-Ge on

Ing29Gag.71As Ge3d

e=Ge __ prng,0GagyiAs _
E, Eyision® = 1153 ev

+ The previously reported AEc value [14] has been recalculated using the unstrained Ge band gap (0.67 ¢V) for comparison with the data presented in this study.
} The calculated 293°K band gap of 1.03 eV for Ino29Gao.71As based on Ref. [33] was used for this calculation.

band (VB) spectra referenced to the background-dependent
base line [9]-[11], [32]. The conduction band offset (AEc)
can then be calculated using [9]-[11], [35]:

In,Gaj_,As

AEc = Eg — B, % — AEy ©)

where Eg_ce and Eé,nxGal”‘AS are the band gap energies of Ge
and In,Ga;_,As, respectively. Fig. 7(a)-(c) show the mea-
sured CL and VB spectra for the 1.6% e-Ge/Ing24Gag76As
heterojunction and the structural diagrams of the sam-
ple from which the spectra were recorded (insets). The
measured binding energy separations were found to be
29.52eV, 40.74eV, and 11.57eV for the Ef 5S¢ — Eipve,

Ino 24Gao 76As Ino 24Gao 76As e—Ge Ino 24Gao 76As
As3ds —Eypy »and Eg 37 — Ey s B

arations, respectively, resulting in a AEy of 0.35 £ 0.05 eV
using (1). The tabulated uncertainty is attributed to the scat-
ter of measured VBM data and the resulting variability in
the exact position of the linear fit. Utilizing these measured
data, the band gap energy for intrinsic Ing24Gag76As at
293 °K (1.09 eV) calculated using the equation proposed
by Paul ef al. [36], the unstrained Ge band gap (0.67 eV),
and (2), AEc was calculated to be 0.07 £ 0.1 eV. It is
worth noting that due to the lack of available experimental
band gap data for e-Ge taking into account both the level
of strain and potential quantization effects, the unstrained
Ge band gap was used in determining AEc. Fig. 7(d)
shows a schematic band alignment diagram for the 1.6%
&-Ge/lng 24Gag 76As sample. Following the procedure out-
lined above, the energy band alignments for the 0.75%
e-Ge/lng 16Gag g4As and 1.94% e-Ge/lng29Gag 71 As hetero-
junctions were determined. Table 2 summarizes the measured

sep-
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FIGURE 8. Valence band (AEy) and conduction band (AE() offsets for the
e-Ge/InxGa,_xAs TFET heterostructures studied in this work, as well as
those investigated in [14]. Negative band offsets correspond to (Eec—ce) <

(E'"XGG"XAS) and (E5C°) < (El:xca"xAs) for the conduction band and
va?ence band, respectively.

and calculated XPS data for each ¢-Ge/InyGa;_xAs TFET
heterostructure.

Fig. 8 shows the experimental band offset parame-
ters for the e-Ge/InyGaj_xAs heterojunctions investigated
in this study as well as AEc and AEy values for
relaxed-Ge/Ing s3Gag 47As and Ge/GaAs heterostructures
taken from [14] and [18], respectively. As can be seen
in Fig. 8, AEy (blue, closed squares) exhibited a linear
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dependence on the in-plane biaxial tensile strain held by
the epitaxial ¢-Ge. Moreover, it is worth noting that while
AEc (red, closed circles) appears to have also been a linear
function of the tensile-strain amount, the exact strain-AEc
relation cannot be determined without further experimen-
tal quantification of the e-Ge band gap that includes
both strain-induced band gap lowering as well as fil-
tering of the quantization-induced energy level increase.
Nevertheless, the monotonic relationship observed between
AEy and the in-plane tensile strain agrees well with previ-
ous work [37], [38] investigating the role of misfit-generated
strain on band alignments for elemental (Si/Ge) [37] and
compound (InyGaj_xAs/GaAs) [38] semiconductor inter-
faces. Furthermore, the demonstration of a feasible method
to modulate Epefs via graded buffer composition suggests the
viability of TFET architectures based on e-Ge/InsGaj_xAs
materials.

IV. CONCLUSION

In summary, the structural, morphological, and band align-
ment properties of solid-source MBE-grown biaxial tensile-
strained Ge/InyGaj_xAs TFET structures were comprehen-
sively investigated. Device-quality e-Ge/InyGaj_xAs hetero-
junctions were observed for in-plane strains within the epi-
taxial Ge of 0.75% (Ing 16Gag g4As), 1.6% (Ing24Gag 76As),
and 1.94% (Ing 29Gag.71As). High-resolution XRD and TEM
studies validated the defect-free, pseudomorphic nature of the
e-Ge/InyGaj_xAs interfaces and confirmed the high crys-
talline quality and low dislocation density of the active
device layers. Moreover, the InyGaj_xAs virtual substrates
exhibited uniform, two-dimensional cross-hatch patterns,
suggesting a quasi-ideal relaxation of the metamorphic
buffers and coherent strain transfer to the Ge lattice. Energy
band alignment for each e-Ge/InxGa;_xAs heterojunction
demonstrated a positive, monotonic trend as a function
of increasing strain, validating the ability to engineer the
source-channel effective tunneling barrier height through
pseudomorphic strained-layer epitaxy. The superior struc-
tural characteristics and band alignment properties of the
e-Ge/lnyGaj_xAs-based TFET designs studied in this work,
in conjunction with the ability to tailor device criteria through
precise control of the growth parameters and strain amount,
offers an exciting new path for future low standby
power, energy-efficient, high-performance tunnel field-effect
transistor applications.

ACKNOWLEDGMENT

The authors would like to thank the Virginia Tech
Nanofabrication Laboratory and the Institute for
Critical Technology and Applied Sciences’ Nanoscale
Characterization and Fabrication Laboratory for support in
materials characterization. They also would like to thank
the support of the Intel Corporation. M. Clavel and P. Goley
would like to thank the support of Dr. C. Winkler. P. Goley
would like to thank the support of the National Science
Foundation’s Graduate Research Fellowship Program.

192

REFERENCES

[1] A. M. Ionescu and H. Riel, “Tunnel field-effect transistors as
energy-efficient electronic switches,” Nature, vol. 479, no. 7373,
pp- 329-337, Nov. 2011.

[2] Y. Zhu and M. K. Hudait, “Low-power tunnel field effect transistors
using mixed As and Sb based heterostructures,” Nanotechnol. Rev.,
vol. 2, no. 6, pp. 637-678, Apr. 2013.

[3] A. C. Seabaugh and Q. Zhang, “Low-voltage tunnel transistors for
beyond CMOS logic,” Proc. IEEE, vol. 98, no. 12, pp. 2095-2110,
Dec. 2010.

[4] G. Dewey et al., “Fabrication, characterization, and physics of III-V
heterojunction tunneling field effect transistors (H-TFET) for steep
sub-threshold swing,” in Proc. IEDM Tech. Dig., Washington, DC,
USA, 2011, pp. 33.6.1-33.6.4.

[5] D. K. Mohata et al., “Experimental staggered-source and N+
pocket-doped channel III-V tunnel field-effect transistors and their
scalabilities,” Appl. Phys. Exp.,vol. 4, no. 2, Feb.2011, Art. ID 024105.

[6] Y. Zhu et al., “Role of InAs and GaAs terminated heterointerfaces at
source/channel on the mixed As-Sb staggered gap tunnel field effect
transistor structures grown by molecular beam epitaxy,” J. Appl. Phys.,
vol. 112, no. 2, Jul. 2012, Art. ID 024306.

[71 Y. Zhu et al., “Structural, morphological, and defect properties of
metamorphic Ing 7Gag 3As/GaAsg 35Sbg g5 p-type tunnel field effect
transistor structure grown by molecular beam epitaxy,” J. Vac. Sci.
Technol. B, vol. 31, no. 4, Jul. 2013, Art. ID 041203.

[8] Z. Guangle er al., “Novel gate-recessed vertical InAs/GaSb TFETs
with record high Ign of 180 puA/um at Vpg = 0.5 V,” in Proc.
IEEE Int. Electron Devices Meeting (IEDM), San Francisco, CA, USA,
2012, pp. 32.6.1-32.6.4.

[91 Y. Zhu et al., “Structural properties and band offset determination
of p-channel mixed As/Sb type-II staggered gap tunnel-field effect
transistor structure,” Appl. Phys. Lett., vol. 101, no. 11, Sep. 2012,
Art. ID 112106.

[10] Y. Zhu et al., “Band offset determination of mixed As/Sb type-II
staggered gap heterostructure for n-channel tunnel field effect tran-
sistor applications,” J. Appl. Phys., vol. 113, no. 2, Jan. 2013,
Art. ID 024319.

[11] Y. Zhu et al., “Defect assistant band alignment transition from
staggered to broken gap in mixed As/Sb tunnel field effect tran-
sistor heterostructure,” J. Appl. Phys., vol. 112, no. 9, Nov. 2012,
Art. ID 094312.

[12] D. K. Mohata et al., “Barrier-engineered arsenide-antimonide
heterojunction tunnel FETs with enhanced drive current,” IEEE
Electron Device Lett., vol. 33, no. 11, pp. 1568-1570, Nov. 2012.

[13] P. Guo et al., “Tunneling field-effect transistor with Ge/Ing 53Gag 47As
heterostructure as tunneling junction,” J. Appl. Phys., vol. 113, no. 9,
Mar. 2013, Art. ID 094502.

[14] Y. Zhu, D. Maurya, S. Priya, and M. K. Hudait, “Tensile-strained
nanoscale Ge/Ing 16Gag g4As heterostructure for tunnel field-effect
transistor,” ACS Appl. Mater. Interfaces, vol. 6, no. 7, pp. 4947-4953,
Mar. 2014.

[15] K. Wang et al., “Mobility enhancement in tensile-strained Ge grown on
InAIP metamorphic templates,” Appl. Surf. Sci., vol. 291, pp. 4547,
Oct. 2013.

[16] Y. Bai, K. E. Lee, C. Cheng, M. L. Lee, and E. A. Fitzgerald, “Growth
of highly tensile-strained Ge on relaxed InyGaj_,As by metal-organic
chemical vapor deposition,” J. Appl. Phys., vol. 104, no. 8, Oct. 2008,
Art. ID 084518.

[17] M. K. Hudait et al., “In situ grown Ge in an arsenic-free environment
for GaAs/Ge/GaAs heterostructures on off-oriented (100) GaAs sub-
strates using molecular beam epitaxy,” J. Vac. Sci. Technol. B, vol. 30,
no. 5, Sep. 2012, Art. ID 051205.

[18] M. K. Hudait, Y. Zhu, N. Jain, and J. J. L. Hunter, “Structural,
morphological, and band alignment properties of GaAs/Ge/GaAs het-
erostructures on (100), (110), and (111)A GaAs substrates,” J. Vac.
Sci. Technol. B, vol. 31, no. 1, Jan. 2013, Art. ID 011206.

[19] M. K. Hudait and S. B. Krupanidhi, “Atomic force microscopic study
of surface morphology in Si-doped epi-GaAs on Ge substrates: Effect
of off-orientation,” Mater. Res. Bulletin, vol. 35, no. 6, pp. 909-919,
Apr. 2000.

[20] M. K. Hudait and S. B. Krupanidhi, “Self-annihilation of antiphase
boundaries in GaAs epilayers on Ge substrates grown by metal-organic
vapor-phase epitaxy,” J. Appl. Phys., vol. 89, no. 11, pp. 5972-5979,
Jun. 2001.

VOLUME 3, NO. 3, MAY 2015



CLAVEL et al.: STRAIN-ENGINEERED BIAXIAL TENSILE EPITAXIAL GERMANIUM FOR HIGH-PERFORMANCE Ge/InGaAs TFETs

ELECTRON DEVICES SOCIETY

[21]

[22]

[23]

[24]

[25]

[26]

(271

(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

(371

(38]

Y. Takano et al., “Epitaxial growth of InGaAs on misori-
ented GaAs(100) substrate by metal-organic vapor phase epitaxy,”
J. Cryst. Growth, vol. 236, no. 1, pp. 31-36, Mar. 2002.

S. M. Ting and E. A. Fitzgerald, “Metal-organic chemical vapor depo-
sition of single domain GaAs on Ge/GexSij_/Si and Ge substrates,”
J. Appl. Phys., vol. 87, no. 5, pp. 2618-2628, Mar. 2000.

W. Hu et al., “Epitaxy of Ing o;Gag g9As on Ge/offcut Si (001) vir-
tual substrate,” Thin Solid Films, vol. 520, no. 16, pp. 5361-5366,
Jun. 2012.

L. Yang, M. T. Bulsara, K. E. Lee, and E. A. Fitzgerald,
“Compositionally-graded InGaAs-InGaP alloys for metamorphic InP
on GaAs,” J. Cryst. Growth, vol. 324, no. 1, pp. 103-109, Jun. 2011.
K. E. Lee and E. A. Fitzgerald, “High-quality compositionally graded
InGaAs buffers,” J. Cryst. Growth, vol. 312, no. 2, pp. 250-257,
Jan. 2010.

F. Romanato et al., “Strain relaxation in graded composition
InxGa;| _xAs/GaAs buffer layers,” J. Appl. Phys., vol. 86, no. 9,
pp. 4748-4755, Nov. 1999.

M. K. Hudait, Y. Lin, and S. A. Ringel, “Strain relaxation properties of
InAsyP;_y metamorphic materials grown on InP substrates,” J. Appl.
Phys., vol. 105, no. 6, Mar. 2009, Art. ID 061643.

R. People and J. C. Bean, “Calculation of critical layer thickness ver-
sus lattice mismatch for GexSi_x/Si strained-layer heterostructures,”
Appl. Phys. Lett., vol. 47, no. 3, pp. 322-324, Aug. 1985.

M. de Kersauson et al, “Effect of increasing thickness on
tensile-strained germanium grown on InGaAs buffer layers,”
J. Appl. Phys., vol. 113, no. 18, May 2013, Art. ID 183508.

M. V. Fischetti and S. E. Laux, “Band structure, deformation
potentials, and carrier mobility in strained Si, Ge, and SiGe alloys,”
J. Appl. Phys., vol. 80, no. 4, pp. 2234-2252, Aug. 1996.

K. H. Kao et al., “Tensile strained Ge tunnel field-effect transistors: k-p
material modeling and numerical device simulation,” J. Appl. Phys.,
vol. 115, no. 4, Jan. 2014, Art. ID 044505.

M. Natali, F. Romanato, E. Napolitani, D. De Salvador,
and A. V. Drigo, “Lattice curvature generation in graded
InxGa|_xAs/GaAs buffer layers,” Phys. Rev. B, vol. 62, no. 16,
pp. 11054-11062, Oct. 2000.

A. M. Andrews, A. E. Romanov, J. S. Speck, M. Bobeth, and
W. Pompe, “Development of cross-hatch morphology during growth
of lattice mismatched layers,” Appl. Phys. Lett., vol. 77, no. 23,
pp. 3740-3742, Dec. 2000.

A. M. Andrews et al., “Modeling cross-hatch surface morphology
in growing mismatched layers,” J. Appl. Phys., vol. 91, no. 4,
pp- 1933-1943, Feb. 2002.

E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Eowalczyk,
“Precise determination of the valence-band edge in x-ray photoemis-
sion spectra: Application to measurement of semiconductor interface
potentials,” Phys. Rev. Lett., vol. 44, no. 24, pp. 1620-1623, Jun. 1980.
S. Paul, J. B. Roy, and P. K. Basu, “Empirical expressions for the
alloy composition and temperature dependence of the band gap and
intrinsic carrier density in GaxIn|_xAs,” J. Appl. Phys., vol. 69, no. 2,
pp. 827-829, Jan. 1991.

E. T. Yu, E. T. Croke, and T. C. McGill, ‘“Measurement of

the valence-band offset in strained Si/Ge (100) heterojunctions by
x-ray photoelectron spectroscopy,” Appl. Phys. Lett., vol. 56, no. 6,
pp. 569-571, Feb. 1990.

S. Niki, C. L. Lin, W. S. C. Chang, and H. H. Wieder, “Band-edge dis-
continuities of strained-layer InxGaj_yxAs/GaAs heterojunctions and
quantum wells,” Appl. Phys. Lett., vol. 55, no. 13, pp. 1339-1341,
Sep. 1989.

MICHAEL CLAVEL (S’09) received the B.S.
degree in electrical engineering from Virginia
Tech, Blacksburg, VA, USA, in 2013, where he
is currently pursuing the Ph.D. degree from the
Bradley Department of Electrical and Computer
Engineering. His current research interests include
the design and MBE growth of IV/II-V het-
erostructure tunnel FET structures, material char-
acterization, device fabrication, and the heteroge-
neous integration of high mobility and low-power
logic devices on Si for next-generation CMOS
applications.

VOLUME 3, NO. 3, MAY 2015

PATRICK GOLEY (S’12) received the B.S. degree
in electrical engineering from Virginia Tech,
Blacksburg, VA, USA, in 2013, where he is
currently pursuing the M.S. degree from the
Bradley Department of Electrical and Computer
Engineering. His current research interests include
the study of composite dielectrics on Ge and the
integration of III-V multijunction solar cells on
Si for low cost and high efficiency terrestrial and
space-based photovoltaics.

NIKHIL JAIN (S’12) received the B.S. degree
(Hons.) in electrical and computer engineer-
ing from the University of Illinois at Urbana
Champaign, Urbana, IL, USA, in 2010. He is
currently pursuing the Ph.D. degree from the
Bradley Department of Electrical and Computer
Engineering, Virginia Tech, Blacksburg, VA, USA.
His current research interests include design and
modeling, epitaxial growth and fabrication of com-
pound semiconductors, and Ge-based materials
and devices for sustainable energy, low-power
transistor applications, heterogeneous epitaxy of III-V multijunction solar
cells on Si. He is the recipient of the Paul E. Torgersen Award and was
the recipient of the John Bardeen Award and the ISSS Undergraduate
Scholarship at Illinois.

YAN ZHU (S’12) received the B.S. degree in
physics from Shandong University, Jinan, China,
the M.S. degree in microelectronics and solid state
electronics from the Institute of Semiconductors,
Chinese Academy of Sciences, Beijing, China, and
the Ph.D. degree from the Bradely Department
of Electrical and Computer Engineering, Virginia
Tech, Blacksburg, VA, USA. He is currently with
Toshiba Corporation of America, Irvine, CA, USA,
L as a Device Engineer. His current research inter-

ests include design and MBE growth of II-V
heterostructure tunnel FET structures, GaN-based high-power electronics,
material characterization, and device fabrication.

€]

MANTU K. HUDAIT (M’08-SM’08) received
the M.S. degree from the Indian Institute of
Technology, Kharagpur, Kharagpur, India, and the
Ph.D. degree from the Indian Institute of Science,
Bangalore, Bangalore, India, in 1999, both in
materials science and engineering. From 2000
to 2005, he was a Post-Doctoral Researcher at
the Ohio State University, Columbus, OH, USA,
where he worked on the mixed cation and mixed
anion metamorphic buffer, low bandgap ther-
mophotovoltaics and heterogeneous integration of
III-V solar cells on Si. From 2005 to 2009, he was at the Advanced
Transistor and Nanotechnology Group, Intel Corporation, Hillsboro, OR,
USA, as a Senior Engineer, where his breakthrough research in low-power
transistor on Si was press released in 2007 and 2009. In 2009, he joined the
Bradley Department of Electrical and Computer Engineering, Virginia Tech,
Blacksburg, VA, USA, as an Associate Professor. His current research inter-
ests include heterogeneous integration of compound semiconductors and Ge
on Si for tunnel transistors, quantum-well transistors, photovoltaics, I1I-V
compound semiconductor epitaxy, metamorphic buffer and mixed As-Sb,
and mixed As-P-based devices. He has over 145 technical publications and
refereed conference proceedings and holds 46 U.S. patents. He was the
recipient of two Divisional Recognition Awards from Intel Corporation. He
is a member of the American Vacuum Society and the American Society
for Engineering Education.

193




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


